Adiponutrin and a related protein, Desnutrin/ATGL, were recently described as adipocyte-specific proteins with lipid hydrolase activity. Using bioinformatics, we identified three additional Adiponutrin family members (GS2, GS2-Like and PNPLA1).
Introduction
Adipose tissue is a key regulator of energy balance, not only as a storage depot for fat, but also as an important source of paracrine and endocrine factors (1) (2) (3) (4) . Fatty acid storage (lipogenesis) and release (lipolysis) from adipose tissue is tightly regulated (5) and dysregulation of these processes has been implicated in the pathophysiology of obesity, insulin resistance, dyslipidemia and cardiovascular disease (6) (7) (8) (9) .
Lipolysis is mediated by intracellular lipases that act sequentially to remove fatty acid groups from the glycerol backbone of triglycerides to ultimately form glycerol and free fatty acids. Until recently, the major triglyceride lipase was thought to be hormonesensitive lipase (HSL), a lipid-droplet associated protein whose activity and subcellular localization is regulated by lipogenic and lipolytic stimuli (5, 10) . The presence of significant residual lipolysis in adipose tissue of HSL null mice suggested the existence of an additional triglyceride lipase, and recently, a candidate for this activity, adipocyte triglyceride lipase (ATGL, also known as Desnutrin) , was identified and shown to be responsible for most, if not all, lipolysis remaining in HSL-null mice (11, 12).
Interestingly, Desnutrin/ATGL is most closely related to Adiponutrin, an adipocyte-specific protein of unknown function which recently has also been shown to have lipid hydrolase activity (13) . Both Adiponutrin and Desnutrin/ATGL contain an Nterminal Patatin-like domain that includes a conserved catalytic dyad (Gly-X-Ser-X-Gly and Asp-X-Gly/Ala (14) ). In contrast to Desnutrin/ATGL, whose expression is upregulated under conditions of increased lipolysis (i.e. fasting), Adiponutrin mRNA dramatically decreases in adipose tissue during fasting (15) (16) (17) (18) . Two additional Adiponutrin-related genes have been identified in the literature (13, 19) , however, their by on February 8, 2008 www.jlr.org We performed a comprehensive bioinformatic analysis of the Adiponutrin family and identified five family members: Adiponutrin, Desnutrin/ATGL, GS2, GS2-Like and PNPLA1. Our data demonstrate that Adiponutrin family members are expressed and regulated in a manner consistent with a role in energy homeostasis. We also report lipid hydrolase activity and the effects of overexpression of Adiponutrin, Desnutrin/ATGL, GS2 and GS2-Like on triglyceride storage in cells. Our data support Desnutrin/ATGL as the major Adiponutrin family lipase in mouse adipocytes, but raise the possibility that an Adiponutrin homolog, GS2, may contribute to lipolysis in human adipocytes. In addition, our data support a possible role for Adiponutrin and GS2-Like in lipid metabolism in the liver.
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Materials and Methods
Bioinformatic Analysis
A profile hidden markov model (profile HMM) was generated using Desnutrin/ATGL (NP_080078), Adiponutrin (NP_473429) and the Patatin family Pfam alignment as a seed alignment. The profile HMM was used to search public databases to generate a list of potential family members (20) . CLUSTALW (21) was used to align the Patatin-like domain containing sequences identified by the profile HMM, which were in turn added to the profile HMM for subsequent searches (22) . The final alignment, which included predicted as well as confirmed sequences, was used as the input for the Phylogenetic tree with the Neighbor-Joining method and 1000 bootstrap trials. The resultant files were processed to create the diagram in Figure 1 . Public accession numbers and the amino acid or nucleotide ranges used for the alignment are indicated below. Where indicated, protein sequences were corrected using available genomic and EST sequences; nucleotide sequences were translated prior to alignment.
Protein
Accession Autoradiography was performed at -80°C using Optex L-plus intensifying screens. Blots were subsequently hybridized with an α-actin probe.
Sample Acquisition and RNA Isolation
Normal mouse tissues were collected from 9 week old male C57Bl/6J mice fed ad libitum and euthanized by CO 2 asphyxiation. For all tissues with the exception of liver, The resultant plasmids were sequence confirmed. Each expression vector was used to transiently transfect HEK293 cells and expression was confirmed by Western analysis.
Patatin-like Domain Mutant Generation
The C-terminal-V5-tagged hAdiponutrin, hDesnutrin/ATGL, hGS2, and hGS2-Like expression plasmids were used to generate site directed Patatin-like domain mutants.
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The mutant design was based on previously reported mutants for Patatin (14) . Using the QuikChange® XL Site-Directed Mutagenesis Kit and protocol (Stratagene), the serine of the Gly-X-Ser-X-Gly motif ( Fig. 1A ) was changed to an alanine for each family member. The resulting plasmids were sequence confirmed.
Cell Culture and Transfection
HEK293 cells were grown in DMEM media supplemented with 10% fetal calf serum at minutes. Supernatant was discarded, and pellets stored at -80°C until used for assays.
Preparation of Cell Lysates and Immunoprecipitations
Frozen cells, as described above, were resuspended in 1 ml of Lipase reaction buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.53% sodium taurodeoxycholate, 1.33 mM CalCl 2 ) containing complete mini protein inhibitor tablets (Invitrogen, 1 tablet per 7 ml).
The resulting suspensions were then sonicated on ice with 4 bursts of 10 seconds from a probe sonicator. Homogenized lysate was centrifuged at 1000 x g for 10 minutes to remove cell debris. A 50 µl aliquot of the resulting lysate was saved for analysis and the remaining lysate was used for the immunoprecipitation. 
Lipase Assay (23)
The lipase assay uses 1,2-o-dilauryl-rac-glycero-3-glutaric acid-(6'-methylresorufin) ester (DGGR) as substrate. DGGR is cleaved by lipase, resulting in an unstable dicarbonic acid ester which is spontaneously hydrolysed to yield glutaric acid and methylresorufin, a bluish-purple chromophore with peak absorption at 581nm. The rate of methylresorufin formation is directly proportional to the lipase activity in the sample. 
Results
Identification of Adiponutrin Related Proteins as a Subfamily of Patatin-like Domain Containing Proteins
Adiponutrin, Desnutrin/ATGL, GS2 and GS2-Like are characterized by the presence of a Patatin-like domain (Gly-X-Ser-X-Gly and Asp-X-Gly/Ala motifs (14)). To identify additional Patatin-like domain containing proteins, we generated a profile hidden markov model and used it to search public protein, EST and genomic databases. A total of ten ortholog Patatin families were identified (Fig. 1) . Phylogenetic analysis using
Patatin as the base sequence clustered Adiponutrin, Desnutrin/ATGL, GS2-Like and GS2 in one branch of the phylogenetic tree. We term this the Adiponutrin family ( clustered on separate branches of the phylogenetic tree (Fig. 1B) . In addition, these proteins are characterized by a C-terminal Patatin-like domain and by a variable region at the N-terminus of the protein.
With the exception of GS2, we were able to identify human, mouse, and rat orthologs for all members of the Adiponutrin family. Searches of EST and genomic databases failed to identify a mouse ortholog of GS2. Syntenic analysis of mouse,
human and rat genomic regions shows that the region expected to contain the GS2 gene is absent in published mouse genomic sequences, allowing for the possibility that a gene corresponding to mouse GS2 remains to be discovered. The absence of any by on February 8, 2008 www.jlr.org
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EST or cDNA sequences corresponding to mouse GS2 in public or internal databases makes it unlikely that this gene is expressed at significant levels in major tissues.
Gene and protein prediction algorithms support the existence of PNPLA1 in the genome. However, very few ESTs for human or mouse PNPLA1 exist in the database, and our Northern analysis of multiple human tissues using a PNPLA1 EST (BI257213)
or Q-PCR analysis of mouse tissues using multiple primer-probe sequences for the predicted mouse PNPLA1 failed to detect any appreciable levels of transcripts. The expression and physiological significance of PNPLA1 remains to be determined.
Expression Analysis of Adiponutrin Family Members
To elucidate the expression patterns of the Adiponutrin gene family, Northern analysis was performed using gene-specific probes. Both Desnutrin/ATGL and GS2 transcripts are easily detectable by Northern blotting and both genes show highest expression in metabolically active tissues, such as adipose tissue, heart, skeletal muscle, and portions of the gastrointestinal tract ( Fig. 2A) , consistent with a role in lipid metabolism. As reported previously, two Desnutrin/ATGL (~2.2kb, ~4.3kb) (11) and two GS2 transcripts (~1.4kb, ~4.4kb) (24) are detectable by Northern analysis and appear to be coordinately expressed in most, but not all, tissues ( Fig. 2A) . We were unable to detect human Adiponutrin or GS2-Like transcripts by Northern analysis, presumably due to lower levels of expression (data not shown). It is important to note, however, that
Adiponutrin has previously been shown to be expressed in human adipose tissue using Q-PCR analysis (16) .
To assess the mRNA expression of mouse Adiponutrin family members we used Q-PCR analysis. As expected, we found that both Adiponutrin and Desnutrin/ATGL are by on February 8, 2008 www.jlr.org Downloaded from most abundant in both brown and white adipose tissue. In addition, we found that GS2-Like is expressed predominantly in adipose tissue, but in addition is also present in the lung. We noticed that multiple probes for GS2-Like consistently required very high cycle numbers, suggesting poor expression of GS2-Like mRNA in the tissues examined. To verify that this was indeed the case, we quantitated our Q-PCR analysis using standard curves generated on known quantities of plasmid containing the indicated gene (Fig. 2B insets). These standard curves were used to convert cycle time (CT) into copies of cDNA normalized to the amount of starting RNA. Figure 2B shows that GS2-Like cDNA is much less abundant (~10,000-fold) than Adiponutrin or Desnutrin/ATGL-cDNA.
Identical data were generated with an independent set of primer/probes (not shown).
We conclude that GS2-Like is expressed at very low levels, likely explaining our inability to detect expression by Northern analysis in either mouse or humans (not shown).
To further examine the expression of Adiponutrin, Desnutrin/ATGL and GS2-Like, we examined expression during 3T3-L1 adipocyte differentiation and in primary adipocytes, separated from the stromal fraction of mouse adipose tissue. As expected, both Adiponutrin and Desnutrin/ATGL are highly upregulated during adipocyte differentiation and are detected almost exclusively in the adipocyte fraction ( Fig.   3 :Column 1 and 2). Similarly, GS2-Like was found to be an adipocyte-expressed gene that is upregulated during differentiation ( Fig. 3 :Column 1 and 2).
Regulation of Adiponutrin Family Member Expression
Desnutrin/ATGL has previously been reported to be downregulated in the adipose tissue of genetically obese (ob/ob) mice (19) , while Adiponutrin is strongly induced in the adipose tissue of obese (fa/fa) rats (15 Interestingly, GS2-Like regulation closely parallels the expression of Adiponutrin in both animal models. GS2-Like decreases significantly in ob/ob adipose and in adipose from fasted animals ( (Fig. 4 insets) . All four Adiponutrin family members tested showed a significantly higher rate of hydrolysis compared to immunoprecipitates from cells expressing GFP or untagged controls (Fig. 4) . To verify that the observed increase in activity is indeed due to the overexpressed protein, we mutated the predicted active site serine within the Ser-Asp catalytic dyad motif to an alanine.
Equivalent amounts of wild-type (WT) and mutant proteins were assayed as confirmed by Western analysis (Fig. 5 insets) . For three family members, Adiponutrin, Desnutrin/ATGL and GS2, the rate of lipid hydrolysis was significantly higher when wildtype rather than mutant protein was used, demonstrating that the lipase activity is due to the overexpressed protein and depends upon an intact active site serine (Fig. 5) . The activity of preparations containing GS2-Like was not affected by mutating the active site serine. GS2-Like contains two serine residues immediately adjacent to the predicted active site serine (Fig. 1B) , and it is possible that one of these two serines can substitute for Ser49; alternatively, another lipase may co-immunoprecipitate with GS2-Like.
Overexpression of Adiponutrin Family Proteins Modulates Triglyceride
Incorporation in Cells
To further assess the ability of Adiponutrin family members to function as lipases,
we examined whether overexpression of these proteins affects intracellular triglyceride levels. It has previously been shown that overexpression of Desnutrin/ATGL in mammalian cell lines decreases the incorporation of radiolabeled fatty acids into triglycerides by increasing the release of fatty acids during a pulse-chase experiment (19) . We examined Adiponutrin, Desnutrin/ATGL, GS2 and GS2-Like in a similar experiment using overexpression in HEK293 cells. Consistent with previous results, overexpression of Desnutrin/ATGL caused a significant decrease in intracellular triglycerides compared to control cells (Fig. 6 ). GS2 and GS2-Like also decreased intracellular triglycerides significantly. In contrast, we were unable to demonstrate a decrease upon Adiponutrin overexpression; rather, in several experiments, Adiponutrin shows a trend toward increased triglyceride incorporation (data not shown). Thus, Desnutrin/ATGL, GS2 and GS2-Like can all function to decrease intracellular triglycerides, at least when overexpressed, while Adiponutrin does not. We were unable to obtain physical clones of PNPLA1 or evidence of PNPLA1 expression in any of the tissues examined, and therefore focused our experiments on Adiponutrin, Desnutrin/ATGL, GS2 and GS2-Like.
Consistent with previous reports (11, 15, 19), we found high levels of expression of Adiponutrin and Desnutrin/ATGL in adipose tissue and primary adipocytes, upregulation during adipocyte differentiation, and differential regulation of these two genes upon fasting. Contrary to previously reported results (19), we did not observe a downregulation of Desnutrin/ATGL in ob/ob mice. Since our study used fed animals while the previous study relied on fasted animals, it is possible that this difference reflects a dysregulation of Desnutrin/ATGL mRNA in ob/ob mice specifically upon fasting. We were also surprised to find that Adiponutrin mRNA was downregulated in the adipose tissue of leptin-deficient, obese ob/ob mice. It had been previously reported that Adiponutrin mRNA is dramatically upregulated in adipose tissue of fa/fa rats (15), a related obesity model caused by a mutation in the leptin receptor (28) . It is possible that differences in species, diet or the physiology between the two models account for this discrepancy.
The regulation of Adiponutrin family members in the liver had not been examined previously. Similar to adipose tissue, the liver undergoes cycles of lipogenesis and lipolysis, and increased triglyceride accumulation in the liver accompanied by increased expression of genes involved in lipid storage, (e.g. PPARgamma (29) , SCD1 (27, 30) ), is commonly observed in genetic and diet-induced obesity (28, 31). Since we did find lower, but detectable levels of both Adiponutrin and Desnutrin/ATGL in the liver of wildtype mice, we investigated the regulation of these genes upon fasting and in ob/ob mice. We found that regulation of Adiponutrin and Desnutrin/ATGL in the liver during fasting mirrored their regulation in adipose tissue. In addition, we observed a dramatic upregulation of Adiponutrin, but not Desnutrin/ATGL, in livers of ob/ob mice, further accentuating the distinct regulation of Desnutrin/ATGL and Adiponutrin. Overall, the regulation of Adiponutrin is reminiscent of genes involved in lipogenesis, while the regulation of Desnutrin/ATGL is consistent with a role in lipolysis.
Similar to previous reports (11, 13), we observed lipase activity for both Adiponutrin and Desnutrin/ATGL in a cell-free system. While Desnutrin has been shown to modulate lipolysis in cells upon either overexpression or knock-down (11, 19), the activity of Adiponutrin in cells was not examined. We found that, while overexpression of Desnutrin/ATGL reduces intracellular triglycerides as previously reported, overexpression of Adiponutrin had no effect on intracellular triglycerides in most experiments (and showed a trend toward an increase in some studies). Interestingly, Interestingly, GS2-Like is located adjacent to Adiponutrin in human, rat and mouse genomes (our unpublished observations), and may therefore be the result of an Adiponutrin gene duplication event. While GS2-Like is qualitatively expressed and regulated in a manner similar to Adiponutrin (Fig. 2-3) , the absolute expression levels of GS2-Like are dramatically lower at least at the RNA level in the mouse (Fig. 2) . We
have not yet quantitated the relative expression of GS2-Like in human adipose tissue; however, our inability to detect expression by Northern blotting analysis is consistent with low levels of expression of GS2-Like in the human adipose tissue as well. GS2 is an Adiponutrin family member which was originally identified as part of the genome sequencing effort (24). Recently, GS2 has been shown to be expressed in the human liposarcoma cell line SW872 and to have triglyceride lipase and transacylase activity (13) . Interestingly, GS2 lacks the C-terminal variable region present in all other
Adiponutrin family members. Here we demonstrate for the first time that GS2 is expressed in human adipose tissue, and that adipose tissue, as well as other tissues with significant lipid metabolism, such as heart, skeletal muscle, liver, kidney and sections of the gastrointestinal tract, are the major sites of GS2 expression in humans.
Given the relatively broad pattern and high levels of expression of GS2 in human tissues, we were surprised by the complete absence of sequences corresponding to GS2 transcripts in mouse databases. Since the genomic region predicted to contain GS2 is lacking in the mouse genomic sequence, we currently do not have any evidence for a mouse GS2 gene. One possible explanation is that mouse GS2 is expressed at much lower levels compared to human GS2 making the identification of transcripts more difficult; alternatively, GS2 may be lacking in the mouse genome. Our data confirm that, similar to Desnutrin/ATGL, GS2 has lipase activity in vitro and that it can function as a lipase in cells upon overexpression. This raises the possibility that GS2 may contribute significantly to adipocyte lipolysis in humans. Furthermore, given our inability to detect GS2 in mice, it is possible that human and mouse adipose tissue utilize a different hour chase period. Lipids were extracted, separated by TLC, and radiolabeled triglycerides were quantitated using a Molecular Imager. Asterisk (*) denotes a p-value of less than 0.05 relative to control (Vector).
